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INTRODUCTION

J/U at RHIC: (Various Aspects)

1) Unpolarized J/V In Unpolarized pp, dAu,
AuAu Collisions

2) J/V¥ Polarization In Unpolarized pp, and
AuAu Collisions

3) Unpolarized J/V¥ In Polarized pp Collisions

4) J/VU Polarization In Polarized pp Colli-

sions

5) J/U Production/Suppression in Quark-
Gluon Plasma



In AuAu Collisions at RHIC:

J/¥ Suppression is Proposed to be a Signa-
ture of Quark-Gluon Plasma Detection

In Polarized pp Collisions at RHIC:

J/U Production Can be Used to Extract
Polarized Gluon Distribution Function In-
side the Proton

J/U Polarization at RHIC:

As J/U Polarization at Tevatron is not Ex-
plained by Theory, It might be Useful to
Look at the Same at RHIC

J/VU Polarization in Polarized pp at RHIC:

This is Unique Measurement (Not available

at any other Collider), Will Test Spin Trans-
fer Process in pQCD



J/¥ Production In Unpolarized pp Collisions
at RHIC:

First, One should Understand the J/U
Production Mechanism in Unpolarized pp
Collisions at RHIC Before Going to AuAu
Collisions or Polarized pp Collisions

Different Charm Quarkonium States:

Quarkonium: States (*°T1L;):
Masses

Y 3, 3.097 (GeV)
X0 3P0 3.414 (GeV)
X1 3P1 3.507 (GeV)
X2 3P2 3.951 (GGV)
Ne LSo 2.983 (GeV)

x's Decay to J/V via: SP; — 3S1y
Branching Ratios

Xo — J/ U~y 0.027
X1 — J/ U~y 0.315
Xo — J/ U~ 0.154



Heavy Quarkonium Production Mechanisms

1) Color Singlet Mechanism
2) Color Octet Mechanism

Color Singlet Mechanism:
The cc is Formed in a Color Singlet State

with Same Quantum Numbers (L,S,J) of the
Charmonium

Non-Perturbative Matrix Elements Can be
Obtained From Solving Non-Relativistic
Schrodinger Equations or Can Be Taken
From Experiments
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Color Octet Mechanism
(Bodwin, Braaten, Lepage)

Two Parameters:

Coupling Constant: a,(M):

Relative Velocity in Q@) Bound State: v:
oy (2M,) ~ 0.24

oy (2M;) ~ 0.18

v? ~ 0.23 For CC System

v? ~ 0.08 For BB System



Different Energy Scales: (In Terms of v):

1) M: Quark Mass: Scale For Annihillation
Decays.

2) Mv: Momentum: Length Scale For the

Size of the Quarkonium States.
3) Muv? Kinetic Energy: Scale
of Splitting Between Different Excitation

Sates (Both Radial and Angular)

M >> Muv >> Muv?



NRQCD LAGRANGIAN DENSITY

'CNRQC'D — le’ght =+ 'Checwy + 'Ccorrection
Liight = —5F* F%, 4 = qv,D*[Alg
Two component Dirac Spinor

\Ijheavy = ¢
X

At Leading Order

. 2 ) 2
£hecwy — ¢T(2Dt + 21)—M)¢ -+ XT(ZDt + QD—M)X



Higher Order Corrections

£correctz'on — ﬁ[wTDllw o XTD4X]
+ =W (D-E—-FE-DW+x'(D-E—FE- D)
+8%2[¢T0-(D><E—ExD)szrxTU-(DXE—EXD)X]

+ o5 [Wlo - By — x'o - By]




Heavy Quarkonium Production Amplitude

1S:

g >= 0(1)|QQESY] > +0(v >|Q@[3P§8>]g > +
O0(?)|QQPEST ™ gg > +0(v?)|QQ[LS)g > +
O(v )|QQ[3DJ18 lgg > +.....

and the wave functions of P-wave ortho-

quarkonium state |xg; >:

xos >= OM|QQPEPY] > +0)|QQPESHy >
+....



Factorization In Heavy Quarkonium Produc-

tion (Fragmentation Processes)

(G. C. Nayak, J-W Qiu and G. Ster-
man, Phys. Lett. B613 (2005) 45; hep-
ph/0509021).

e Soft gluons in heavy quarkonium produc-

tion at high pr

e Uncancelled infrared poles at NNLO
not matched by conventional NRQCD ma-

trix elements

e NNLO Fix:
Gauge invariance =- Modification of

NRQCD operators

e Nonabelian phases: Wilson lines

e NRQCD Heavy Quarkonium production:



dUA+B—>H+X (pT) — % dOA'A+B—>cE[n]+X (pT) <07[1{>

e With Vevs of the “production” operators

O (0) = X1Kp(0) (alan) ¥TKx(0)

O(0) = x1Kup(0) (alan) ¥TKX(0), (1)

e Only color-singlet K’s give gauge invariant
O’s
NNLO in fragmentation: uncancelled IR

divergences
e Generalization to NNLO

e The diagrams that don’t cancel from:
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NNLO Two Loop Diagram With Massive
Quarks and 3 Gluon Vertex

e The IR divergent expression to order ¢*

2}2:



2P, g, 1) =—16ig* 45/ a7 kl C;ZI;;,QW(?( D Viulki, kol
X [¢"(P - k) 1(61 kl)P"} q"(P - k1) — (g - ko) P”]
“TP ky + i€l [P - kg — i€]?
1
(k3 — €] [(ke — k1)? —i€] [l - (k1 — ko) — i€]’

X

® k1, k2]: momentum part of three-gluon

coupling.

e And the result is:

4 (P-q) q’
Y@(P g 1) = o — 2.
( 7Q7) OZS 35[ P4 PQ]

e In rest frame:

N(Pg,l) = «

e Breakdown of the simplest topological fac-
torization

of infrared divergences at NNLO



® Conclude: we need the Wilson lines

Redefinition NRQCD Matrix Elements

e Resolution: as for fragmentation,

supplement fields by Wilson lines:
Oyz, A] = exp |—ig [, dA - A(x + Al)]

e Our new, gauge-invariant NRQCD opera-

tors:

OF(0) = XKy 1b(0) [0, Aley (alar) ©1[0, Alba XK, ,(0),



J/U Polarization in Polarized pp Collisions

at RHIC

Leading Order Calculations:

2
Mysqe = 2 0k T ulky) a(p)y* T v(ps)

Pt = pi +ph = K + K5 ph = Pr/2+ Lig;
py = Pt/2 — Lig.

L% is The Boost Matrix: LY = %
q

J
i _ §ij o PP/ PY
L] - 5 + P2 [QEQ }




In Terms of Two Component Dirac Spinors

(n, &):

4

|Mq§—>QQ|2 = i n,TaiTagl Ly u(ky)y, T
U(kQ) @(kQ)’YVTb'U/ kl) L]V STO'ijn

(k2 L)y = —(k1-L); = m n;. Here n;(n;) are
the unit three-vectors which specify the po-
larizations of the heavy quarks (antiquarks)

in the charmonium bound state.



Hence For Leading Order gq Fusion Process

We Get

4 . .
A Mool = & [ning — 6] n/loiTog’ €loiTo

o’ e ra
A |Mygsqol? = 5% [iny — 6] o' To¢'¢loi Ty

Non-Perturbative Matrix Element is:

Am2nTo'T € €107 Tn =< Yo ZT"@DPH WUJTC”X >=
%U/\in,\m < 08 (351)

Where The Orthogonal Matrix U,; Relates
the Helicity States in Spherical Basis State )\
with The Cartesian Basis State :.

2 U)\ZU/\ =13 ZZ-UAW = 0)0



am? ity = < X Pypy ¥Ix > = jm<
Ofl(lSo) >,
4?7’2,2 n/TTagl SJ[TCL?? — <
X'T% Py 1T > = 3m < Of(1Sy) >,
4m? n'toié Eloin = <
X' Py vioiy > = 3U\Ujm < OF(3S) >,
4m?  nTa'Te¢ €107 T = <
XTo' T Py ofadTox > = UlUpm <
05(351) >,
4m2 qnqmn/]‘o.igl S]Lo_jn — <

X (—=4D™)o"p Py(yy ¥1(—4D")o’x >

— AU, Ujp6™m < OH(3EP) > |

4m2 qnqu’TO'iTaflfTO'jTaT] — <
X' (—iD™)o'T% Py 1(—:D™a' T >

— AU, Uj0"™m < O (3Py) >



Hence the Matrix Element Square is:

20(2
AlMyg > = =55 [1—6y) <OI(S) >

The Partonic Level Cross Section is:

32

Aaqq—_>H()\) = —5(§—4m2)w[1—5)\0] < 05(351) >

\}



Consider Gluon-Gluon Fusion Process at LO:

Adding $, t, and ¢ Channel Feynman Dia-

grams

My ro0q = —g° eu(k)e(ko)[(20 + LdoTe)Sm +

%fabcTch/]

v — H(p— K1 +m)y” V(1 —Ko+m)yH
S = qi(py) [ (1512plf'1];|; A (1512p5f?];; )Y Jv(ps)

v _ - M —K+m)y” V(b —kytm)y
JalL = a(p) ( 12p1.1k1 "o 12p1-2k2 )Y 4

%ZV'LW/\(kb ko, —k1 — k2)maJv(p2)



Simplifying Three Gammma Matrices terms

We Get:

-~ HEy” v a { v
a(py)[ A0 + B o (py) = 515 (ky — ko) e Py
+ \EEn P PRLY 4291 (L - ky)j — (K — k)P LY —
(]Cl — kQ)VLH] ngTO'j’I]

+ (L k1) [PluLI/ PuLﬂqngTO.jn + %[P,UJL'I]{ _

P”Lé’]éfcﬂn

_ Kgh AV Vo - E)n
ap)Hr — TE(py) = Bl -
ko) P,q"€M

_ (L £ “[PYLY + PHLY) q"¢ain
- %[29’“/([/ k) — (ky — ko) LY — (ky — ko) Lf] €Ton
+ L4 Ly — Ly Lylg"Elo’n



Hence

S = galky — ke Pyghy + [EEH(PTL
PLY — 29" (L - ky)a)

+ Z[LALY + Ly LE) + L5 (L ky)[(ky — ko) LY + (K —
k2)" LY]lq"€ a7

oo — Wk k) AP grety + [kELE —
ki LY aln

Gluon Polarizations Are Given By:

a xb _ 1 cab k1ykov+kauk1y
Eﬂ(kla )\1)61/ (kla )\1) — 55 [_gw/ =+ k1 g -
: k{kS
ZAl 6uup5k1.k2]



Using The Relation
ewzaﬁk?kgﬁ = 2m2e"*ny Ly LY
We Get:

4 r 10
12 — g9 _pgr r ab Qx*ab v
AlM,, 00> = =% 1" 0,0 SPS DL Ly S™ Ly Ly

GV | fab preab LypLyyF™ Lo Loy F*“”/}

Where:

Gab _ % 5ab 1 % Jabee and Fab — % fabere
The Cross Terms Vanish Because:

SabF*ab — ()= S*abFab



The Matrix Element Square for the gg Fusion
Process at LO Is:

2. 2
A|‘]\4gg—>QQ|2 — _7r9as [anglng T Hl?Kn ) Q)nqu" - (n )
¢)njq; — 5(n-q)(n- ¢ )njny

— (n x ¢)j(n x q);n'te? €¢tain + Lyt Tag'etTon +

2l(n - @)nids + (n - ¢')njg;
— 3n - @n - ¢nny — (n x ¢)jn x

q);In'te? Tag'¢tai T
+ Zo(n - q)(n - ¢')nTT€'ETn)



Different Non-Perturbative Matrix Elements

are:

AmPn 'y =< xTY Pyoypix >=

am < Of1(1S)) >

4mntTog ETT%? =< XIT Py Tx >=
sm < OF(1S;) >

4m>nTote! £T0]77 =< XTOZ¢PH WUJX >=
%UM-UjAm <0838 >

4m*q"q"n"o'€'Eloin =

< X' (=4D™)o" Pyt (—4 D)ol >=
AULU;»6™m < OF (3P >
Am2qq" o T E 10T =

< XN(=5D™)o T Py (—5 D™ o Ty >=
AULUAO™m < OF(CR) >



The Matrix Element Square For The Quarko-
nium Production With Polarization A in gg

Fusion Process is Given By:

AMyml? = —5%[< Off(1S) > +5 <
OF(1Sy) >

+ 560 — < OfCR) > +2 < OF(R) >
|+ gz <O (1P1) >]

8m

The Partonic Level Scattering Cross Section

is Given By

A 30,2
Aa'gg_ﬂ{(/\) = —(5(8 — 477?,2) 108753[< 0{{(130) > —|—1§5 <
05(150) >

+ 3560 — V< OfCR) > +2 < O8(R) >
| + oh <O (*P) >



The J/¥ Production Cross Section with Po-

larization A in Polarized pp Collisions is:

3 o2

A (s TN W(N) = 7ame3 Jam2 s ixl [Afy(z1,2m) Afg q(i?s ,2m)
(0o — 1) < CASRICN >

+12 Afylwr,2m) Afy(30m) x [5(1 — 160) <
Oé]/?/)(%b')(SPO) S < Og/%b(lb')(lSO) >H

The Corresponding Production Cross Sec-

tion Unpolarized pp Collisions is:

3 2 T m
O s T BN ON) = ars (216 S [ fy(, 2m) f (2, 2m) (1

6y0) < O35 > +§ng(x1,2m)fg(4m 2m) X

18’

[95(1—260) < O3 R) > + < 0P (15,) >



The Spin Assymetry is Given By:

_ dAco
ALL — do

The Following Non-Perturbative Matrix El-
ements are Extracted From The Tevatron

data:

L < 0P (18p) >= 0.022GeV?

< 04/Y(38;) >= 0.0066GeV?
A < 0{l"(Ry) >=0.022GeV?
L < 0¥ (18,) >= 0.0059GeV?

< OY(38)) >= 0.0046GeV?

A, < OF (3P) >= 0.0059GeV?
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Unpolarized J/¥ in Unpolarized pp Colli-
sions at /s = 200 GeV at RHIC (F. Cooper,
M. X. Liu and G. C. Nayak, Phys. Rev.
Lett.93 (2004) 171801).
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J Y Production with polarization (A) at RHIC

Center of mass energy = 200 GeV pp collisions

6 B T T T T T T T T T T | T T T T T | T T T T T | T T T T T | T T T T T l
: — Unpolarized pp (A=1)
5 ---- Unpolarized pp (A=0)
N - —- Polarized pp (A=1)
B - Polarized pp (A=0)
s E
o) N ]
= - e = .
z 3k S =TT T -
B | -]
© L .
2F ' E
T R RERIEP o )
127 ]
24 S
O B 1 1 1 1 1 | 1 1 1 1 1 | 1 1 1 1 1 | 1 1 1 1 1 | 1 1 1 1 1 | 1 1 1 1 1 ]
-3 -2 -1 0 1 2 3

y

J/U Polarization in Polarized pp Collisions

at /s = 200 GeV at RHIC



JY production with polarization (A) at

Center of mass energy = 500 GeV pp collisions

RHIC
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J/U Polarization in Polarized pp Collisions

at /s = 500 GeV at RHIC




" production with polarization (A) at RHIC

Center of mass energy = 200 GeV pp collisions
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U’ Polarization in Polarized pp Collisions at

Vs = 200 GeV at RHIC



" production with polarization (A) at RHIC

Center of mass energy = 500 GeV pp collisions
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U’ Polarization in Polarized pp Collisions at

Vs = 500 GeV at RHIC




Spin Assymetries of J and |’ at RHIC

Center of mass energy = 200 GeV polarized pp collisions

0006 i T T T T T | T T T T T | T T T T T | T T T T T | T T T T T | T T T T T ]
i — JywithA=1 i
e SRS J/l.lJ with A=0 _
0005 — @witha=l |
[ IS Y’ with A=0 i
0.004 — _
< | i
0.003 _
0.002 K- 4]
0001 i | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
3 2 1 0 1 > 3

y

J/U and U’ Spin Assymetry in Polarized pp
Collisions at /s = 200 GeV at RHIC



Spin Assymetries of J and |’ at RHIC
Center of mass energy = 500 GeV polarized pp collisions
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J/U and U’ Spin Assymetry in Polarized pp
Collisions at /s = 500 GeV at RHIC



CONCLUSIONS:

We have Studied J/V and ¥’ Polarizations in
Polarized Proton-Proton Collisions at RHIC
at /s = 200 GeV and 500 GeV.

Polarized Gluon Distribution Function In-
side the Proton Can be Extracted From J/¥
Measurement at RHIC.

As J/V¥ Polarization at Tevatron Energy is
Not Explained by The Theory it is Useful to
See What Happens at RHIC.

The J/V Polarization Study in Polarized pp
Collisions is Unique (Not Available at Any
Other Collider) and It Tests the Spin Trans-
fer Process in pQCD.



